Abbreviations
=============

AIDS

:   acquired immunodeficiency syndrome

Amp

:   ampicillin

APC

:   allophycocyanin

BLA

:   β-lactamase

bnAb

:   broadly neutralizing antibody

CDR3

:   complementary determining region 3

CMV

:   cytomegalovirus

DMEM

:   Dul-becco\'s modified eagle medium

E. coli

:   Escherichia coli

EDTA

:   Ethylenediaminetetraacetic acid

eGFP

:   enhanced green fluorescent protein

EGTA

:   ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid

ELISA

:   enzyme-linked immunosorbent assay

Env

:   envelope protein

FACS

:   fluorescence-activated cell sorting

FBS

:   fetal bovine serum

FRT

:   Flp recombination target

gDNA

:   genomic DNA

gp140

:   HIV-1 glycoprotein of 140 kDa (terminated before transmembrane-domain)

gp145

:   HIV-1 glycoprotein of 145 kDa (terminated after transmembrane-domain)

gp160

:   HIV-1 glycoprotein (160 kDa, full-length)

HEK

:   human embryonic kidney

HIV

:   human immunodeficiency virus

Hyg

:   hygromycin

K~D~

:   dissociation constant

lacZ

:   β-galactosidase gene

mAb

:   monoclonal antibody

MCS

:   multiple cloning site

MFI

:   mean fluorescence intensity

NGS

:   next generation sequencing

ORF

:   open reading frame

ori

:   origin of replication

P

:   Promotor

PBS

:   phosphate buffered saline

pDNA

:   plasmid DNA

RT

:   room temperature

SV40

:   simian virus 40

TaVp2A

:   *Thosea asigna* virus peptide 2A

TERT

:   telomerase reverse transcriptase

Tet

:   tetracycline

TO

:   tetracycline operator

TR

:   tetracycline repressor

T-REx

:   tetracycline-regulated expression

V1-V5

:   HIV envelope variable loops 1--5

Introduction {#s0001}
============

With approximately 35 million infected individuals worldwide and about 39 million AIDS-related deaths so far, the human immunodeficiency virus (HIV)-1 pandemic continues to be a major global public health challenge. According to the World Health Organization, only 49% of HIV-1 positive individuals have access to anti-retroviral therapy, affirming the need for an efficient vaccine.[@cit0001]

Regarding the humoral immune response, the HIV-1 surface protein envelope (Env) is the only virus-encoded determinant present on the virus surface, and thus accessible to antibodies.[@cit0002] Env is expressed as a gp160 precursor protein that is proteolytically cleaved into gp120 and gp41 by the Golgi-associated furin protease. 3 gp120 and 3 gp41 subunits assemble into the final trimeric (heterohexameric) Env spike, with each gp41 transmembrane subunit being non-covalently associated with the external gp120 subunit, respectively. Whereas gp41 is more conserved, the gp120 subunit has a highly variable and heavily glycosylated surface that includes 5 variable loops (V1--V5).[@cit0003] The resulting vast number of variants circulating in the human population represents a major challenge for vaccine development, and mainly accounts for the failure of classical vaccine development approaches like chemical inactivation or live attenuation.[@cit0002]

However, after several years of infection, ∼10--50% of patients develop broadly neutralizing antibodies (bnAbs),[@cit0004] which recognize conserved, mostly conformational or quaternary-structure-dependent epitopes on Env.[@cit0006] Some of these bnAbs can neutralize up to 80--90% of virus strains.[@cit0005] Prior to 2009, only a few bnAbs were known, and all targeted either the membrane-proximal external region (MPER), the CD4 binding site, or a glycan-dependent epitope in gp120. Recently, however, the development of highly efficient screening methods has resulted in the isolation of a multitude of new bnAbs targeting multiple sites of vulnerability on the trimer.[@cit0007]

Passive immunization of macaques with bnAbs provided complete protection from infection,[@cit0008] offering an important starting point for the development of an efficient vaccine. However, due to the high variability of Env,[@cit0011] an extensive glycan shield,[@cit0012] conformational masking of target sites,[@cit0013] and conformational instability of Env,[@cit0003] the elicitation of bnAbs by active immunization is still a major obstacle in vaccine design. To counter these escape strategies, bnAbs often exhibit unique features like high rates of somatic hypermutation and long CDR3-loops, as a result of years of complex co-evolution between virus escape and immune adaptation.[@cit0015]

To properly instruct the development of antibody responses with a broader neutralization profile, several promising, and not mutually exclusive, approaches have been investigated recently, resulting in new generations of envelope immunogens. The approaches include: 1) a directed evolution approach, which identified a chimeric gp120 Env variant (ST-008) eliciting neutralizing antibody responses in rabbits,[@cit0016] 2) the heterologous substitution or deletion of the V1 loop or hyperglycosylation of variable loops to focus antibody responses to more conserved epitopes like the CD4 binding site,[@cit0017] 3) chemical cross-linking of Env aiming toward stabilizing the Env trimer in its closed conformation and directing the humoral immune response to neutralizing epitopes,[@cit0019] and 4) soluble recombinant Env trimers genetically engineered to form stable, closed and well-folded trimers.[@cit0020] Notably, such trimers for the first time enabled the induction of neutralizing antibodies against the sequence-matched tier 2 virus in rabbits and macaques.[@cit0023] To mimic the complex co-evolution between Env and the immune system in vivo, sequential immunization with different Env immunogens was applied to first prime naive B cells with a germline B cell receptor, and then enable generation of the mature bnAb over several intermediate stages.[@cit0025] Recently, sequential immunization strategies have been successfully implemented in knock-in mouse models for germline-reverted versions of the VRC01 and PGT121 families, resulting in high levels of somatic hypermutation and thus guiding the maturation of bnAb responses.[@cit0026]

It is thus now known that next-generation envelope immunogens need to properly drive the neutralizing antibody response from germline to affinity-matured antibodies. The current set of available broadly neutralizing monoclonal antibodies (mAbs), including their engineered unmutated common ancestors, represents a valuable toolbox to characterize recombinant Env trimers, but possibly even more to select Env variants with the desired binding profiles from libraries comprising either naturally occurring (patient derived), or rationally designed and engineered Env libraries.

We recently reported an evolutionary approach for the identification of such potential HIV-1 vaccine candidates using a first generation retroviral cell display and panning platform, which required 2 rounds of panning for a 20-fold enrichment of a high affinity variant from a small 5-member HIV envelope library.[@cit0029] However, although low multiplicity of infection was used, multiply transduced cells could not be prevented with this method, overriding an efficient genotype-phenotype linkage in the library.

Here, we describe an alternative selection procedure using a single-integration stable cell line technology for direct mammalian cell display in combination with a fluorescence-activated cell sorting (FACS)-based gating and panning strategy. Using this procedure, we were able to enrich the high affinity variant of a limited model library, which comprises 5 engineered HIV envelope variants with known binding affinities to model antibodies 447--52D and HGN194,[@cit0030] up to 56- and 55-fold, respectively, in a single round of panning. We were also able to selectively enrich the low affinity variants up to 237-fold with the appropriate gating strategy. Hence, using more complex Env libraries, this method could be a valuable tool to select new Env vaccine candidates with enhanced binding to bnAbs and reduced binding to non-neutralizing antibodies for the various approaches mentioned above.

Our mAb-based technology might also prove useful in designing and selecting envelope-based vaccine compounds against other viral pathogens such as influenza virus, hepatitis C virus or even DNA viruses where proper assembly of various envelope subunits to hetero-oligomeric complexes is required to induce high quality quaternary-structure-dependent antibodies, such as the cytomegalovirus (CMV) gH-pentameric complex.[@cit0032] Lastly, our data provide evidence that the technology can be used to map mAbs against any membrane or envelope protein when, for example, presented as alanine scanning variants on the cell surface.

Results {#s0002}
=======

Cellular display and flow cytometry-based panning procedure {#s0002-0001}
-----------------------------------------------------------

Here, we describe a mammalian cell display and flow cytometry-based panning method that allows strict genotype-phenotype coupling of cell surface-exposed HIV-1 Env variants and enables the identification and selection of variants with modulated antibody affinity ([Figure 1](#f0001){ref-type="fig"}). Step 1 comprises the generation of stable HEK293 cell lines, with each cell carrying a single copy of a given Env variant at a defined locus ("linked" cellular library). For this purpose, FlpIn™ T-REx™ 293 cells are transfected with an Env library cloned in a plasmid vector (pQL13), which supports the integration of a single copy Env gene into the predefined Flp recombination target (FRT) site ([Figure 1](#f0001){ref-type="fig"}; step 1). After antibiotic selection, each of the resulting HEK293 cells displays, upon induction, one distinct variant on the cell surface, leading to a strict linkage of the Env genotype and phenotype within the mammalian cell library ([Figure 1](#f0001){ref-type="fig"}; step 2). Next, Env-expressing HEK293 cells are stained with an antibody of interest (screening antibody, [Figure 1](#f0001){ref-type="fig"}; step 3), and high or low affinity variants are sorted by flow cytometry-based cell sorting using the desired gate ([Figure 1](#f0001){ref-type="fig"}; step 4). For analytical purposes, the selected Env genes are subsequently amplified from the genomic DNA of the sorted cells and cloned into pQL13 to be further propagated in *Escherichia coli*. To calculate the enrichment or depletion of the different Env variants, plasmid DNA (pDNA) recovered from *E. coli* is analyzed either by qPCR or Sanger sequencing of single clones for small libraries, or next generation sequencing (NGS) for larger libraries. Alternatively, genomic DNA (gDNA) of the HEK293 cells isolated before and after FACS can also be directly subjected to NGS. Followed by deconvolution of sequencing data, the level of enrichment or depletion can be calculated for each individual Env variant. If necessary, selected HEK293 cells can be expanded again and used for further panning and selection cycles (not shown in [Figure 1](#f0001){ref-type="fig"}). Figure 1.Schematic overview of the flow cytometry-based panning procedure. Stable cell lines are generated by transfection of FlpIn™ T-REx™ 293 cells with pQL13-based Env constructs and the helper plasmid pOG44 carrying the integrase (1). Although multiple Env variants can theoretically enter the human cells and be expressed for a short period of time, a linkage of geno- and phenotype is ultimately achieved because FlpIn^TM^ T-REx^TM^ 293 cells possess precisely one FRT site, resulting in single-integration stably transfected HEK293 cells (2). After induction of Env expression, the mammalian cell library is stained with the screening antibody (3), and then envelope-expressing cells yielding the highest or lowest signal to the applied antibody are selected via fluorescence-activated cell sorting (4). For analytical purposes, genomic DNA is recovered from the selected HEK293 cells, envelope genes are amplified by nested PCR, re-cloned into pQL13 and analyzed by qPCR or sequencing of plasmid DNA recovered from single *E. coli* clones. In the case of larger libraries, genomic DNA from sorted HEK293 cells can be directly subjected to NGS to calculate enrichment or depletion factors for the respective envelope variants. To further enhance enrichment rates, sorted HEK293 cells could be re-expanded to be subjected to a new round of panning.

The HIV-1 chimeric Env/V3 model library {#s0002-0002}
---------------------------------------

To enable a comparison of the herein described cellular Env display and selection system with a previously described lentiviral Env display system,[@cit0029] we used the same gp145 Env/V3 model library. It consists of 5 chimeric Env constructs based on a clade C 96ZM651 Env backbone with the third variable domain (V3) seamlessly substituted by the V3 loops derived from isolates MN, RF, CDC42, HXB2 or SF33. This results in a small library with distinct binding profiles to mAbs 447--52D and HGN194 ([Figure 5](#f0005){ref-type="fig"}). Using the "golden gate" cloning procedure, we now cloned the Env/V3 model library into a novel vector system, pQL13 ([Figure 2](#f0002){ref-type="fig"}) and generated HEK293 stable cell lines with the following features: 1) translational coupling of enhanced green fluorescent protein (eGFP) and Env production via a TaV 2A peptide to enable normalization for Env expression levels according to eGFP fluorescence,[@cit0029] 2) single integration of pQL13 into the predefined FRT site, 3) selection for successful integration via hygromycin and 4) Tet-inducible Env and eGFP expression ([Figure 2](#f0002){ref-type="fig"}). To facilitate library assembly in *E. coli*, the introduction of a toxic CcdB cassette in the MCS of the pQL13 target vector allows an efficient selection of envelope positive clones. Figure 2.Schematic overview of the pQL13 vector system and the FlpIn™ T-REx™ stable cell lines.In pQL13, Env expression is linked to eGFP expression by a TaV 2A peptide. The eGFP-Env expression cassette is integrated into a distinct Flp Recombination Target (FRT) site within the FlpIn™ T-REx™ HEK293 cells, providing the hygromycin gene with a start-codon and hence resulting in the acquisition of a hygromycin resistance that can be used for selection of stable cell lines. Expression of eGFP and Env is under regulation of the Tet repressor (TR, T-REx™, red triangle) and thus inducible. The locations of the TaV 2A peptide, as well as the ATG leading to the acquisition of the hygromycin resistance, are highlighted in red. Note that the pQL13 vector graphic shows the horizontal map of the circular QL13 plasmid and that the FRT site (52 bp) and the Tet operator sequence (TO, 9 bp, clear diamond) are not in scale in this schematic. P: Promotor (SV40: simian virus 40, CMV: cytomegalovirus, BLA: β-lactamase), lacZ: β-galactosidase ORF, Amp: ampicillin ORF, Hyg: hygromycin ORF, ori: origin of replication, TR: Tet repressor protein, TaVp2A: TaV 2A peptide. Promotor positions are indicated by bent arrows.

Generation of single integration stable cell lines using the pQL13-based chimeric Env/V3 variants {#s0002-0003}
-------------------------------------------------------------------------------------------------

Stable HEK293 cell lines of the 5 different Env/V3 chimeras were generated by targeted transfection of FlpIn™ T-REx™ 293 cells with the 5 different gp145 Env/V3 encoding pQL13 plasmids either individually or collectively. This resulted either in 5 separate clonal cell lines or a bulk HEK293 cell library with each cell expressing one of the 5 Env/V3 variants ([Figure 1](#f0001){ref-type="fig"}; step 1). Each FlpIn™ T-REx™ HEK293 cell contains one distinct FRT site, allowing the integration of only one Env variant per cell, even if several different variants may enter the cell after transient transfection of a pQL13-based library. Hence, after successful integration and selection, an efficient linkage of genotype and phenotype within the library is eventually reached. Successful integration events of the eGFP-Env cassette are selected by a hygromycin resistance that is acquired and constitutively expressed only after successful recombination into the FRT site ([Figure 2](#f0002){ref-type="fig"}).

After ∼25 d of antibiotic selection, the "linked" cellular Env library is established ([Figure 1](#f0001){ref-type="fig"}; step 2). The stable integration of the Tet repressor in the FlpIn™ T-REx™ cells in combination with the doxycycline-inducible CMV promotor of pQL13 thereby results in the regulated expression (T-REx) of the integrated Env gene ([Figure 2](#f0002){ref-type="fig"}). Notably, the T-REx system only utilizes regulatory elements from the native Tet operon,[@cit0034] avoiding the potentially toxic effects of viral transactivation domains used for other doxycycline-regulated systems.[@cit0035] In sum, the inducible expression of the eGFP-Env cassette allows the cultivation of stable HEK293 cell lines without negative effects attributed to possible Env cytotoxicity.

To reassess the linkage of genotype and phenotype in the cell library, we analyzed relative copy numbers of integrated pQL13 plasmids per HEK293 cell using a copy number assay, which confirmed one integration event per cell for all scenarios tested ([Figure 3](#f0003){ref-type="fig"}). Figure 3.TaqMan® Copy Number assay of stable cell lines. Stable cell lines were generated using either separate transfection of each of the pQL13-based Env/V3 chimeras or a mixture of all 5 Env/V3 chimeras for transfection (HEK293 cell library). Relative copy numbers of integrated pQL13 plasmids were explored using a TaqMan Copy Number Assay on 4 individual samples of genomic DNA of each cell line and probing for eGFP in relation to the human telomerase reverse transcriptase (TERT) genes, resulting in an integration rate of 1 for each human cell line (differences between the 6 stable cell lines statistically n.s., p \> 0.05).

Expression of chimeric Env/V3 variants correlates with GFP reporter expression {#s0002-0004}
------------------------------------------------------------------------------

In pQL13, the expression of the marker gene eGFP was genetically coupled to Env expression by a TaV 2A peptide ([Figure 2](#f0002){ref-type="fig"}). The insect virus-derived (*Thosea asigna* virus) 2A peptide impairs peptide bond formation by a ribosomal skip mechanism between the 2A glycine and the 2B proline of the consensus sequence 2A, Asp-Val/Ile-Glu-X-Asn-Pro-Gly; 2B, Pro.[@cit0033] This should result in an equal expression level for eGFP and Env, while only one residue is N-terminally attached to the envelope protein. To confirm coupled expression of both eGFP and Env, doxycycline-induced HEK293 cells were stained with the antibody 5F3,[@cit0036] which binds to the extracellular domain of gp41 that is present in all 5 Env/V3 variants. A correlation between eGFP and Env expression was observed for each of the 5 Env/V3 chimeras ([Figure 4](#f0004){ref-type="fig"}), qualifying eGFP fluorescence as an indirect signal to normalize for Env expression. Notably, expression rates of the variants differed (with Env/V3-MN displaying the weakest signals), highlighting the importance of expression normalization. Figure 4.Correlated expression of V3 envelope variants and eGFP. 3 × 10^5^ cells of each HEK293 stable cell line were induced with doxycycline (1 µg/ml) 24 h before flow cytometry analysis. The cells were harvested and stained with 5F3 and goat anti-human-APC as a secondary antibody. Measurements were performed in duplicates. 2.5 × 10^4^ cells were recorded per sample and the correlation between APC and GFP signal intensities was analyzed for each stable cell line (3000 events shown).

The Env/V3 model library comprises distinct binding profiles to mAbs 447--52D and HGN194 {#s0002-0005}
----------------------------------------------------------------------------------------

We determined the binding profiles of 2 different V3-specific model-antibodies, 447--52D and HGN194, to the individual variants of the Env/V3 model library by flow cytometry-based titration of the individual stable HEK293 cell lines ([Figure 5](#f0005){ref-type="fig"}). The Env/V3 chimera MN displayed the highest affinity toward 447--52D and HGN194, followed by the variants CDC42 and HXB2. Whereas HGN194 bound neither the Env/V3 chimera RF nor SF33 ([Figure 5D](#f0005){ref-type="fig"}), 447--52D could still bind Env/V3 chimera RF to some extent ([Figure 5B](#f0005){ref-type="fig"}). For these non- or only weakly binding variants, K~D~ values could not be determined. K~D~ values of the variants for which binding affinities to 447--52D and HGN194 could be calculated are summarized in [Table 2](#t0002){ref-type="table"}. In conclusion, the demonstrated distribution of varying affinities was considered useful for the purpose of evaluating the stable cell line-based panning procedure. Figure 5.Analysis of the affinities of 447--52D and HGN194 to the individual members of the Env/V3 model library. 24 h post induction of the Env/V3 stable HEK293 cell lines with doxycycline (1 µg/ml), these cells were stained with mAbs 447--52D or HGN194 until equilibrium binding was reached. Relative MFI values of bound antibodies in relation to the eGFP signal (MFI APC/ MFI eGFP) to normalize for Env expression levels are shown (mean values of 3 independent experiments). A and C: Relative MFIs (MFI APC/ MFI eGFP) of HEK293 cell lines stained with 2.7 nM 447--52D (A) and 6.7 nM HGN194 (C) (the same concentrations as used in all sorting experiments, see below) are shown to illustrate the individual binding pattern of the 5 Env/V3 chimeras to the respective antibody. B and D: flow cytometry titration using serial dilutions of 447--52D (B) and HGN194 (D).

Single round flow cytometry-based panning of the Env/V3 cell library leads to enrichment of high or low affinity variants {#s0002-0006}
-------------------------------------------------------------------------------------------------------------------------

The mammalian cell library displaying the Env/V3 variants was subsequently subjected to flow cytometry-based cell sorting using ∼3 × 10^7^ cells per sort.[@cit0029] Triangular gates were chosen to sort cells with the highest (P1) or lowest (P2) 447--52D or HGN194 signal normalized by their eGFP signal, respectively ([Figure 6A](#f0006){ref-type="fig"}). Genomic DNA (gDNA) from the input sample and the sorted cells (∼30,000 cells/sorting gate) was recovered and Env genes were amplified by nested PCR and re-cloned into pQL13, respectively. The distribution of Env/V3 variants in the input sample and in the sample after one cycle of panning was assessed by qPCR, capillary sequencing of 96 single clones, and NGS of pDNA pools recovered from *E. coli*. Moreover, gDNA, recovered from the input sample and the sorted HEK293 cells, was subjected directly to NGS to allow for a streamlined analysis approach for larger libraries ([Figure 6](#f0006){ref-type="fig"} and S1). Figure 6.Flow cytometry-based panning using the Env/V3 model library stable cell line. A: A representative sorting experiment is shown to illustrate the flow cytometry-based cell sorting strategy (50,000 events). Living, single HEK293 cells were gated according to common hierarchical gating strategies. The remaining cells were then gated for highest APC signals (447--52D or HGN194 with anti-human-APC secondary antibody) in relation to eGFP signals (expression control). Thus, a triangular gate (gate P1) was chosen to select for high affinity binders. Similarly, P2 was chosen to select for low affinity binders to 447--52D and HGN194. B to E: The stable cell line pool containing the complete 5 member Env/V3 model library was used in a flow cytometry-based panning procedure 24 h after induction with doxycycline using 2.7 nM 447--52D (B, D) or 6.7 nM HGN194 (C, E). The envelope genes from the cell line pool prior (Input) and after selection (High Affinity P1 and Low Affinity P2) were PCR-amplified from the genomic DNA, cloned into pQL13, recovered from *E. coli* and analyzed by qPCR (B and C) or, alternatively, the gDNA of the HEK293 cells was directly subjected to NGS analysis (D and E). The mean values of 3 independent experiments are shown. The percentages of the variants in the input mixture and after one round of panning are given. Statistics were calculated using an unpaired t-test. Asterisks are indicated for \*\*\* p \< 0.001, \*\* p \< 0.01 and \* p \< 0.05.

For the 447--52D flow cytometry-based cell sorting experiment, we demonstrate a statistically significant (\*\*\* =  p \< 0.001) enrichment of the high affinity Env/V3 variant MN out of a mixture of all variants (qPCR: 17% MN in input enriched to 92% MN after one round of panning) in gate P1 ([Figure 6B](#f0006){ref-type="fig"}). Thus, after only a single round of panning, we achieved an enrichment rate of 56 for the Env/V3 variant MN (for calculation, see [Table 1](#t0001){ref-type="table"}). Although reduced from 30% in the input fraction to 6% after the first round (qPCR), the Env chimera presenting the HXB2-V3 loop scored second best, which is in line with the affinity measurements of surface-exposed envelopes ([Figure 5](#f0005){ref-type="fig"}, [Table 2](#t0002){ref-type="table"}). Table 1.Specific enrichment rates of the Env/V3 variants selected from the fluorescence-activated cell sorting procedure after one round of panning. High Affinity Gate P1Low Affinity Gate P2 Env after sorting (%) / Env input (%)Fold enrichment[^a^](#t1fn0001){ref-type="fn"} MNEnv after sorting (%) / Env input (%)Fold enrichment[^a^](#t1fn0001){ref-type="fn"} RFEnv after sorting (%) / Env input (%)Fold enrichment[^a^](#t1fn0001){ref-type="fn"} SF33 MNNon-MN RFNon-RF SF33Non-SF33 447--52D5.410.10560.081.290.068.080.03237HGN1946.430.12552.360.5643.250.705[^3] Table 2.Comparison of apparent affinities of membrane-bound gp145 obtained from flow cytometry titration vs. soluble gp140 Env variants obtained from ELISA titration. V3 peptidesMembrane-bound gp145Soluble gp140 K~D~ \[nM\]K~D~ \[nM\] (flow cytometry titration, n = 3)K~D~ \[nM\] (ELISA titration, n = 3)V3 loop substitution447--52DHGN194447--52DHGN194447--52DHGN194MN0.6-NA0.9 ± 0.08 (R^2^ = 0.990)0.6 ± 0.04 (R^2^ = 0.981)0.4 ± 0.02 (R^2^ = 995)0.2 ± 0.05 (R^2^ = 0.926)HXB224 2 ± 0.2 (R^2^ = 0.991)1.3 ± 0.2 (R^2^ = 0.973)0.5 ± 0.002 (R^2^ = 0.983)7 ± 5 (R^2^ = 0.537)CDC425 3 ± 0.2 (R^2^ = 0.996)1.5 ± 0.09 (R^2^ = 0.951)1 ± 0.4 (R^2^ = 0.983)0.6 ± 0.2 (R^2^ = 0.797)RF0.9 7 ± 1 (R^2^ = 0.972)NA74 ± 7 (R^2^ = 0.992)NASF33NA NANANANA[^4]

Within the low signal gate P2, we were also able to selectively enrich the low affinity variant SF33, thereby achieving an enrichment factor of 237 for mAb 447--52D (qPCR: input 12%; 1^st^ round 97%) ([Table 1](#t0001){ref-type="table"}). Hence, our panning technology may be applicable to isolate Env variants with particularly low binding to undesired antibodies, like non-neutralizing antibodies toward epitopes presented in the CD4-induced Env conformation.

Thus, the normalized mean fluorescent intensities (MFIs) measured at a given 447--52D antibody concentration ([Figure 5A](#f0005){ref-type="fig"}), as well as the binding affinities of the individual Env/V3 chimeras calculated based on the binding curves ([Figure 5B](#f0005){ref-type="fig"} and [Table 2](#t0002){ref-type="table"}) chiefly reflected the copy number (qPCR) of the respective sequences quantified after the single round flow cytometry-based cell sorting process.

These findings were confirmed by an independent FACS experiment, where we used an alternative V3-specific mAb, HGN194. Here, we were able to enrich the high affinity variant MN from 14% (input fraction, qPCR) to 90% ([Figure 6C](#f0006){ref-type="fig"}) after one round of panning, resulting in an enrichment rate of 55 ([Table 1](#t0001){ref-type="table"}). Similarly, as RF and SF33 both did not show binding to HGN194 ([Figure 5C](#f0005){ref-type="fig"} and [D](#f0005){ref-type="fig"}, [Table 2](#t0002){ref-type="table"}), the low signal gate P2 selectively enriched those 2 variants from 25% and 12% to 59% and 39%, respectively, which corresponds to enrichment factors of 4 for chimera RF and 5 for chimera SF33 ([Figure 6C](#f0006){ref-type="fig"}, [Table 1](#t0001){ref-type="table"}).

However, enrichment analysis by qPCR requires a specific probe for each variant of the library and is therefore only applicable for small libraries with known sequence variations. Hence, the above enrichment data for 447--52D and HGN194 were also confirmed by Sanger sequencing of 96 *E. coli* single clones that carried the re-cloned plasmid DNA as well as NGS using the Illumina Miseq platform, which allows the analysis of any larger library in the future. NGS was applied to gDNA prepared from the HEK293 cells before and after sorting and, for control, to pDNA of amplified and re-cloned Env genes recovered from *E. coli*. Importantly, we were able to replicate the above described results with all applied methods, with only minor differences between pDNA and gDNA analyses ([Figure 6](#f0006){ref-type="fig"}, Figure S1).

Enrichment factors resulting from the panning procedure for the displayed Env/V3 chimeras are predictive for the affinity ranking determined for the corresponding soluble secreted envelopes {#s0002-0007}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate whether the enrichment factors determined for the cell-surface-displayed gp145 Env/V3 variants are predictive for the affinity-based ranking of the corresponding soluble secreted gp140 envelope proteins, the 5 pQL13 encoded gp140 variants of the Env/V3-model library lacking the cytoplasmic tail as well as the transmembrane domain were purified to trimer homogeneity (Figure S2A). Subsequently, apparent binding affinities of the different variants toward 447--52D and HGN194 were analyzed by solid-phase binding enzyme-linked immunosorbent assay (ELISA) (Figure S2B). This resulted in a very similar ranking according to relative binding affinities compared with the titration of gp145 Env displaying cell lines ([Figures 5B](#f0005){ref-type="fig"} and [D](#f0005){ref-type="fig"} and S2), and apparent dissociation constants (K~D~) were found to reflect the same order ([Table 2](#t0002){ref-type="table"}), with MN having the highest affinity, followed by CDC42 and HXB2. Furthermore, in agreement with the membrane-bound variants, 447--52D showed weak binding to RF, while HGN194 bound neither RF nor SF33. Hence, this method is, albeit indirectly, also very valuable for the identification of soluble envelope variants with modified binding characteristics. Noteworthy, whereas the ranking of the Env/V3 proteins according to binding affinities toward 447--52D resulted in the same order for both the membrane displayed and the soluble form of the polypeptide, early experiments using V3 peptides derived from the 5 HIV strains came to a different order,[@cit0030] suggesting that the overall conformation of the trimeric protein may influence the formation of the 447--52D epitope.

In sum, the data demonstrate a clear relation between: 1) the apparent K~D~ values determined for the individual cell-surface displayed Env/V3 chimeras ([Figures 5B](#f0005){ref-type="fig"} and [D](#f0005){ref-type="fig"}), [2](#f0002){ref-type="fig"}) the enrichment factors determined for the Env/V3 chimeras after panning in the high affinity gate ([Figure 6](#f0006){ref-type="fig"}), and [3](#f0003){ref-type="fig"}) the binding affinities calculated for the soluble secreted gp140/V3 chimeras ([Table 2](#t0002){ref-type="table"}).

Discussion {#s0003}
==========

Here, we describe a mammalian cell surface display-based panning strategy for the selection of Env variants with improved affinity toward a screening antibody. This methodology could in principle select and qualify new HIV-1 Env vaccine candidates based on their affinity to broadly neutralizing antibodies. The proposed strategy is largely driven by the increasing number of these antibodies, which have proven to be helpful in selecting and characterizing envelopes according to their antigenic properties. Our panning technology is based on the display of trimeric envelopes on inducible HEK stable cell lines. Mammalian cells not only allow mammalian glycosylation and folding, but also expression of functional Envs in a membrane context, and are, for example, widely used as a producer cell line for Env pseudoviruses for neutralization assays.[@cit0037] In addition, this technology enables the assessment of native full-length Env proteins in their natural membrane environment. Thus, this display technique should fulfill all of the proposed requirements of envelope presentation, including the preservation of promising quaternary structure epitopes of Env and membrane-proximal epitopes that might not be properly represented in truncated Env variants.[@cit0040]

It is worth noting that the integration of our library vector pQL13 at one distinct FRT site allows a highly stringent linkage of genotype and phenotype within a library, while the translational coupling of inducible Env and GFP expression by a TaV 2A peptide sequence represents an accurate means to normalize for Env expression levels. Taken together, these advantages accounted for high enrichment rates in only one single round of panning, as exemplified using our 5-member model library with the mAbs 447--52D and HGN194. While the high affinity chimera 96ZM651-Env/V3-MN could be enriched up to 56- and 55-fold, respectively, the low affinity gate led to the selective enrichment of the sole non-binding variant Env/V3-SF33 for 447--52D, while both non-binding variants displaying the HIV-1 RF and SF33 V3-loop were selected with HGN194. Hence, this stable cell line-based panning procedure represents a substantial improvement to our previously published panning approach, where genotype-phenotype linkage within the library was based on a lentiviral vector system for stable transgene integration, and which resulted in an enrichment of 20-fold for the high affinity chimera MN after 2 rounds of selection.[@cit0029]

If applied in conjunction with a carefully selected panel of bnAbs, our approach also provides opportunities to identify new Env variants with the potential to overcome the various immune escape strategies of Env. We could show that NGS can be directly applied to the genomic DNA recovered from sorted HEK293 cells in comparison to the genomic DNA of the unsorted population, allowing fast analysis of large libraries without the limitations arising from the re-cloning strategy. Hence, this approach would be easily applicable to more comprehensive trimeric Env libraries and highly potent bnAbs like VRC01,[@cit0041] PG9/16 or members of the PGT family.[@cit0037] Notably, by probing tailor-made envelope libraries using a combination of inferred unmodified germline versions of bnAbs, selected intermediate stages and the mature bnAbs, our panning approach could also be used to inform immunogen design for sequential immunization approaches.[@cit0043]

Although not specifically addressed within this study, our method may also be useful for the rapid epitope mapping of newly discovered and yet uncharacterized antibodies. Accordingly, alanine scanning Env libraries substituting surface-exposed residues or glycan scanning libraries with modified N-glycosylation sites or patterns may be screened to establish the footprints of mature bnAbs and their inferred germline versions.

Once identified via the proposed mammalian cell surface display, selected Env variants could be either delivered as a DNA vaccine via nonviral or viral vectors as membrane-bound protein or as purified soluble gp140 Env trimers. Herein, we demonstrate, for the set of analyzed envelope chimeras, that phenotypes of the chimeric membrane-bound Env/V3 library can successfully be transferred to soluble gp140 variants regarding the overall order of binding affinity to 447--52D and HGN194. The apparent magnitudes of K~D~ values varied between the different applied analysis methods (flow cytometry or solid-phase binding ELISA), most probably due to completely different specific inherent conditions of the 2 methods. In sum, this panning approach could also be used for the identification of soluble trimeric vaccine candidates. However, antigenicity profiles might not always be easily transferable from membrane-bound to soluble variants, for example when epitopes are located within the membrane-proximal region of gp41. Therefore, antigenicity profiles for soluble variants would have to be evaluated individually for immunogens identified by this approach.

In conclusion, we provide a methodology for a mammalian cell-based display and selection system that uses antibody-mediated probing of desirable properties of complete trimeric HIV envelopes. The limitations regarding library sizes to be screened in one step and the subsequent resolution need to be explored in greater detail. Based on the results, it is, however, fair to assume that the technology will find a broad range of applications possibly also beyond HIV, for any immunogen design effort where bnAbs are exploited to improve the design of envelopes, like influenza, hepatitis C virus or pathogens such as CMV, where the gH-pentameric complex needs to be properly presented to bind and induce high quality bnAbs.[@cit0032]

Materials and methods {#s0004}
=====================

Construction of pQL13 {#s0004-0001}
---------------------

The 2 *Esp*3I sites contained in the starting construct pcDNA5/FRT/TO (Invitrogen/ThermoFisher Scientific, \# V6520--20) were deleted by standard molecular biology methods and the plasmid was linearized with BamHI/XhoI. Ligation with the described previously eGFP (GenBank \# U55763) / p2A/ CcdB expression-cassette resulted in the final construct pQL13,[@cit0045] which was further propagated in the CcdB resistant *E. coli* strain DB3.1.

Construction of the chimeric Env/V3 model library {#s0004-0002}
-------------------------------------------------

The previously described Env/V3 model library consisted of 5 variants with a 96ZM651 (GenBank, \# AF286224) backbone and differing V3 regions (MN, RF, CDC42, HXB2, SF33).[@cit0029] These Env chimeras were seamlessly cloned into pQL13 via golden gate cloning as described previously,[@cit0029] and verified by Sanger sequencing and restriction analysis.

Construction of gp140 variants {#s0004-0003}
------------------------------

Gp140 constructs were obtained by PCR-amplification from the pQL13-gp145 Env/V3 plasmids. The REKR furin cleavage site of the gp145 variants was mutated to cleavage incompetent REKS via overlap extension PCR and the transmembrane domain was deleted using suitable primers. Gp140 constructs were re-cloned into pQL13 using golden gate cloning (i.e., using type IIS restriction endonucleases) and verified by Sanger sequencing.[@cit0029]

Generation of stable cell lines using Flp-In T-REx 293 cells {#s0004-0004}
------------------------------------------------------------

Flp-In™ T-Rex™ cells (Invitrogen/ThermoFisher Scientific, \# K6500--01) were used to generate stable cell lines with inducible envelope expression regulated under the Tet operator/repressor system. Cells were cultivated in DMEM supplemented with 10% fetal bovine serum (FBS) (tetracycline free, Biochrom, \# S0115), 1% Pen/Strep, 100 µg/ml zeocin and 15 µg/ml blasticidin (DMEM^+^) and seeded to reach 80% confluency on the day of transfection. For this, 5 × 10^5^ Flp-In™ T-Rex™ cells were seeded into 6-well plates the day before transfection. Directly before transfection, the medium was replaced with 1 ml DMEM without supplements (DMEM^−^). 2 µg of a plasmid mixture containing the pQL13-Env/V3 variants and the helper plasmid pOG44 carrying the integrase (1.6 µg pQL13-Env/V3 variant + 0.4 µg pOG44) were mixed with 8 µl polyethylenimine (Polysciences, \# 23966--2, 1 mg/mL) and 100 µl DMEM^−^. The mixture was incubated for 10 min at room temperature (RT) and then added to the cell culture. After 6 h of incubation, medium was replaced by 2 ml DMEM^+^. After 48 h, cells were harvested and seeded into a 10 cm dish. After an additional 5 h, the medium was replaced by 10 ml DMEM supplemented with 10% FBS, 1% Pen/Strep, 100 µg/ml hygromycin and 15 µg/ml blasticidin to select cells with stable integration events. Over the following 20--25 d the medium was replaced every 72 h. Then cells were detached and seeded into a 15 cm dish. Established stable cell lines were tested for GFP and Env expression via flow cytometry. Both stable cell lines from an even plasmid mixture of all 5 variants as well as a stable cell line for each variant individually were generated.

TaqMan copy number assay {#s0004-0005}
------------------------

Genomic DNA was prepared from all established cell lines (Qiagen, Qiaamp DNA Blool Mini Kit, \# 51104) and samples were processed with TaqMan® Universal PCR Master Mix (Life technologies/ThermoFisher Scientific, \# 4304437). The TaqMan® Copy Number Assays for Markers & Reporters (Life technologies/ThermoFisher Scientific, \# 4400291) was used to determine the copy number of integrated pQL13 plasmids in all established stable cell lines. The TaqMan® Copy Number Reference Assay, TERT, Human (Life technologies/ThermoFisher Scientific, \# 4403316) was included to compare the number of insertions per cell to a genomic reference (results corrected for 2 copies of human TERT). Analysis was done in a StepOne Plus cycler (Applied Biosystems/ThermoFisher Scientific) according to the manufacturer\'s instructions. Results were analyzed for statistically significant differences between the 6 cell lines using an unpaired 2-sided t-test.

Flow cytometry analysis of the individual stable Env/V3 cell lines {#s0004-0006}
------------------------------------------------------------------

The stable cell lines were activated to express GFP and Env by supplementing the medium with 1 µg/ml doxycycline. After 24 h, cells were detached with PBE (PBS + 0.5% FBS, 2 mM ethylenediaminetetraacetic acid (EDTA)) and centrifuged at 250 g for 5 min at 4 °C. Then cells were incubated with serial dilutions of 447--52D (Polymun, Klosterneuburg, Austria, \# AB014) or HGN194 (kindly provided by Prof. Dr. Antonio Lanzaveccia and Dr. Davide Corti) diluted in PBE for 20 min at 4°C to reach equilibrium. Subsequently, cells were washed 3 times with 1 ml ice cold PBE (centrifugation at 250 g, 5 min, 4°C). The secondary antibody, goat anti-human-IgG- allophycocyanin (APC; Jackson ImmunoResearch, \# 109--136--098), diluted in PBE was applied for 1 h at 4°C. After another 3 wash cycles with 1 ml ice cold PBE each (centrifugation at 250 g, 5 min, 4°C), cells were resuspended in PBE and subjected to cytometric analysis using a FACS Canto II (Becton Dickinson). GFP expression (MFI), which was coupled to Env expression via the TaV 2A peptide sequence, was used to calculate normalized Env expression signals (MFI) when determining the affinity of 447--52D and HGN194 to the different Env chimeras. To this end, the quotient of the MFI of APC (Env) and the MFI of GFP (expression control) was calculated, resulting in a relative MFI value.

After subtracting the negative controls (Env-negative 293 cells titrated with the same antibody concentrations) to adjust the starting point of the curves to 0, curves were fitted using non-linear least squares regression (hyberbolar one site binding, GraphPad Prism 5), resulting in apparent K~D~-values for the membrane-bound envelope variants. To analyze the ratio of Env and GFP expression in each stable cell line, cells were stained with 5F3 antibody (Polymun, Klosterneuburg, Austria, \# AB010) as described above,[@cit0036] and the correlation between GFP and APC was analyzed for all individual FlpIn HEK293 cell lines.

Flow cytometry-based panning: Affinity enrichment and isolation of Env/V3 variants {#s0004-0007}
----------------------------------------------------------------------------------

3 × 10^7^ cells of the Env/V3 cell library generated with an equimolar mixture of all 5 Env/V3 plasmids were seeded into a 15 cm dish and activated with doxycycline (1 µg/ml) the day before the panning procedure. After 24 hours, cells were prepared according to the protocol described in the previous section and were finally resuspended in PBE at a maximal concentration of 6 × 10^7^ cells/ml and filtered with a 30 µm pre-separation filter (Miltenyi Biotech, \# 130--041--407). 50 µl of the sample were put aside to serve as an input control. Cells were sorted using a FACS Aria IIu instrument (Becton Dickinson). The instrument was set to "single cell mode" to discard 2-target-events and obtain the most accurate counts for the sorting procedure.[@cit0048] At least 20,000 cells were collected in each gate. The genomic DNA of both the sorted cells and the input sample were prepared using the Qiaamp DNA Blood Mini kit (Qiagen, \# 51104) according to manufacturer\'s instructions, but without addition of carrier DNA and elution in only 20 µl 10 mM Tris/HCl pH 8.0. The genomic DNA was then used as a template for nested-PCR to amplify the integrated Env genes isolated in the sorting procedure for re-cloning into pQL13 and analysis by qPCR or capillary sequencing or directly subjected to NGS.

Enrichment analysis using Realtime PCR (qPCR) {#s0004-0008}
---------------------------------------------

To determine the distribution of Env variants in a mixture of plasmid DNA, a qPCR reaction was used as described previously.[@cit0029] Briefly, the reverse-primers were designed to specifically bind one variant of the V3 model library, whereas the probe and forward-primer were designed to bind every variant alike. Furthermore, an additional reverse-primer binding every variant alike was used as a reference primer, determining the total amounts of the applied Env genes. The reactions were performed according to the manufacturer\'s instructions (Finnzymes, \# DyNAmo F-455).

Sequencing of single clones {#s0004-0009}
---------------------------

DNA preparation and Sanger sequencing of single clones was conducted by GATC Biotech.

NGS {#s0004-0010}
---

NGS was performed on input and first round samples using the Illumina MiSeq platform on both the envelope genes amplified from the gDNA and cloned back into pQL13, as well as directly on the genomic DNA of the selected cells. In both cases, Env/V3 loops were amplified in a 2-step PCR reaction to first add short universal adaptor sequences on the 5´ and 3´ ends, and then add barcoded adaptor sequences according to TruSeq® Small RNA Sample Prep Kits (Illumina). PCR products were purified using Agencourt AMPure XP magnetic beads (Beckman Coulter, \# A63881) after each PCR reaction. Quality control and quantification of PCR products was performed with a Bioanalyzer 2100 (Agilent) and High Sensitivity DNA Chips (Agilent, \# 5067--4626). After quantification, samples were pooled and analyzed on a 300 cycles MiSeq V2 chip (Illumina, \# MS-102--2002).

Purification of soluble gp140 Env variants {#s0004-0011}
------------------------------------------

His-tagged soluble gp140 proteins were purified from FreeStyle™ 293-F Cells (Life Technologies, \# R79007). Cells were cultivated according to manufacturer\'s instructions in FreeStyle™ 293 Expression Medium (Life Technologies, \# 12338018) supplemented with 0.5% Pen/Strep. Before transfection, 9 × 10^8^ cells were harvested at 100 g, 5 min and 4°C and resuspended in 900 ml Freestyle medium without supplements. 900 µg of pQL13-Env/V3 gp140 were mixed with 6.5 ml DMEM without supplements. Simultaneously, 3.6 ml polyethylenimine (Polysciences, \# 23966--2, 1 mg/ml) were diluted with 6.5 ml DMEM without supplements. Both mixtures were incubated separately for 5 min at RT and then mixed to be incubated for further 20 min at RT before the transfection mixture was added to the cells. After 6 h of incubation, the medium was changed to 900 ml of Freestyle™ 293 Expression Medium supplemented with 0.5% Pen/Strep. On day 5 after transfection, cells were harvested at 100 g, 5 min at 4°C and the secreted gp140 variants were purified from the supernatant. For this, the supernatant was first loaded onto a lectin column (*Galanthus nivalis* lectin, agarose bound, Biozol, \# VEC-AL 1243--5), using PBS, 1 mM EDTA, 1 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) for column equilibration and washing. Protein was eluted with PBS, 1 mM EDTA, 1 mM EGTA, 1 M methyl-α-D-mannopyranoside (Merck Millipore, \# 462711--100GM). Secondly, fractions containing Env protein were pooled and concentrated and trimeric protein was purified to homogeneity using a HiPrep 16/60 Sephacryl S-300 HR size-exclusion chromatography column (GE Healthcare, \# GE17--1167--01).

ELISA {#s0004-0012}
-----

ELISA plates (Nunc Maxisorp, \# 442404) were coated with 1 µg/ml *G. nivalis* lectin (Sigma, \# L8275--5MG) in PBS overnight at 4°C. All wash cycles were conducted with PBS, 0.05% Tween20 using a Tecan HydroFlex ELISA washer. After coating, plates were washed 3 times and gp140 Env variants were added at a concentration of 1 µg/ml in PBS and incubated for 2 h at RT. Then, plates were blocked for 2 h at RT with 5% (w/v) skimmed milk powder, 5% (v/v) FBS (Gibco), 0.1% Tween20 and then washed 6 times, followed by incubation with a dilution series of 447--52D (Polymun, Klosterneuburg, Austria, \# AB014) or HGN194 (kindly provided by Prof. Dr. Antonio Lanzaveccia and Dr. Davide Corti) in PBS, 1% bovine serum albumin (w/v) for 1 h at RT to reach equilibrium binding. Unbound antibody was washed away with 10 wash cycles. Bound antibody was labeled with horseradish peroxidase-coupled rabbit anti-human IgG (Agilent, Dako \# P021402--2) for 30 min at RT, followed by 10 wash cycles and incubation with TMB-ultra substrate (ThermoFisher Scientific, \# 34028). The reaction was stopped with 1 M H~2~SO~4~ and absorption at 450 nm was analyzed. After subtracting the negative controls (no primary antibody) to adjust the starting point of the curves to 0, curves were fitted using non-linear least squares regression (hyberbolar one site binding, GraphPad Prism 5).
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